Introduction
The addition of CaF 2 to steelmaking slags has been believed to enhance the solubility of lime and to decrease their viscosities, but the mechanism of its effects is not fully understood. Recently, various spectroscopic observations such as Raman, 1, 2) IR, 3, 4) NMR [5] [6] [7] [8] and XPS [9] [10] [11] showed that the most of fluoride ions prefer to coordinate to calcium ions rather than silicate network. Sasaki et al. [12] [13] [14] reported a series of work on the structures of CaOSiO 2 -CaF 2 and CaO-SiO 2 -CaF 2 -Na 2 O systems by the molecular dynamics simulation method and amply discussed the behavior of fluoride ions. Concerning to the CaOSiO 2 -CaF 2 ternary system, the investigated composition range was still limited, therefore, the simulation conducted over a wide range of composition would be necessary to clarify the behavior of fluoride ions in the calcium silicate slag. In the present study, the structural analysis of CaOSiO 2 -CaF 2 melts was carried out by the molecular dynamics simulation method using the newly optimized parameters which could properly reproduce their densities.
15)

Calculation
In the molecular dynamics simulation the Busing approximation of the Born-Mayer-Huggins form was used as the pair potential .... (1) where r ij is the inter-atomic distance between i and j ions, Z i is the valence of ion i, f 0 ϭ4.184 kJ Å Ϫ1 mol
Ϫ1
, s i is the repulsive radius and b i is the softness parameter.
The periodic boundary conditions were employed for the basic cells containing 1 250-1 800 atoms under the isobaric and isothermal conditions. All the simulations were verified using the system containing approximately 3 000 atoms and there were not any relevant differences. The temperature was initially set to 3 000 K then decreased to 1 773 K. The calculations were conducted 10 000 steps at both temperatures and the cooling rate was set to be 0.1 K s
. All the calculations were carried out using Materials Explorer program (FUJITSU LIMITED).
The parameter sets established by Hirano and Kawamura (SX-1 model) 16) have been successfully used for the simulation of molten oxides and fluorides. However, the calculated densities of the CaO-SiO 2 -CaF 2 system at 1 773 K (dashed line) were 5-10 % lower than those experimentally measured by Hara et al. 15) as shown in Fig. 1 . In this study, the parameters b and s in Eq. (1) were optimized to reproduce the experimentally measured densities, which are listed in Table 1 . The calculated results are shown as solid lines in Fig. 1 , where the densities measured at 1 873 K by Voronov et al. 17) are also shown as dotted lines. These new parameters could also reproduce the structures of calcium silicates. The most of simulations were conducted for the 2(1ϪX)CaO-SiO 2 -2XCaF 2 system. X was varied from 0 to 0.8, which corresponds to the substitution of CaF 2 for CaO in 2CaO · SiO 2 .
Results and Discussion
The pair correlation function for i-j ions, g i-j (r), can be calculated as a function of the inter-atomic distance r based on the structural data obtained by the simulation. Then the running coordination number N ij (r) which represents the coordination number of j ions around an i ion within r can be obtained by using g i-j (r).
13) The running coordination number of j ions within the nearest neighbor of an i ion was Table 1 . Optimized parameters used for the simulation. defined as N i-j and calculated by assuming that r was equal to the tail end of the first peak of g i-j (r).
The value of N Ca-O , N O-Ca , N Ca-F and N F-Ca are shown as a function of CaF 2 concentration in Fig. 2 . The ratio of the number of Ca atoms and O atoms, n Ca /n O , increased and n Ca /n F decreased with CaF 2 because CaO was substituted. The decreases in N Ca-O and N F-Ca and the increase in N Ca-F do not contradict the variation of n Ca /n O and n Ca /n F . However, N O-Ca decreased instead of the increase in n Ca /n O , which suggests that the number of O atoms within the nearest neighbor of Ca considerably decreased by the substitution of CaF 2 for CaO. Therefore, it is expected that F ions prefer to coordinate to Ca ions as reported in the previous works. 2, [12] [13] [14] Since N Si-O slightly decreased and N O-Si marginally increased with CaF 2 as shown in Fig. 3 , it seems that Si-O bondings were hardly affected by F ions. On the other hand, both N Si-F and N F-Si increased with CaF 2 . Particularly N F-Si increased instead of the decrease in n Si /n F , which suggests that the number of Si atoms within the nearest neighbor of F increased with the substitution of CaF 2 for CaO. However, the value of N Si-F and N F-Si are much lower than the other coordination numbers especially in the low concentration region of CaF 2 . Therefore, it is expected that F ions coordinate to Ca ions without affecting the Si-O bonding in low CaF 2 concentration region and a part of them begin to coordinate to Si ions when its concentration is high. increased by the substitution as reported by Sasaki et al. 13) However, Q 3 took a maximum at 25 mol% of CaF 2 then decreased. If it is assumed that the fraction of Q 3 ϩQ 4 is an index of the polymerization, the substitution of CaF 2 for CaO enhances the polymerization of the melt up to 25 mol% of CaF 2 . On the other hand, it suppresses the polymerization above 25 mol% of CaF 2 , because a part of the replaced F ions are substituted at the removed oxygen ion position in the Si tetrahedral, which causes the decrease in the fraction of Q 3 ϩQ 4 . Figure 5 shows the comparison of the calculated fractions of the bridging oxygen (BO) and non-bridging oxygen (NBO) with those estimated from the XPS observation by Hayashi et al. 9) The calculated fractions show a good agreement with those reported in both figures. When the basicity index (mol%CaO)/(mol%SiO 2 ) was kept constant as 1.0, the addition of CaF 2 did not affect the fractions as shown in Fig. 5(a) . On the other hand, the fraction of the bridging oxygen increased and that of the non-bridging oxygen decreased by the substitution of CaF 2 for CaO as shown in Fig. 5(b) . Since the F ions prefer to interact with the Ca ion and form a loosely bonded Ca-2F complex, 12) it can be concluded that the polymerization of silicate would be dominated by the basicity of the slag and hardly affected by F ions when the CaF 2 concentration is less than 20 mol%.
The self-diffusion coefficient of ion i in the melt, D i , can be estimated by differentiating the calculated mean square displacements of ions with respect to time. 19) The self-diffusion coefficients of the other ions are almost in the same order of magnitude of those in the silicate melts tabulated in the data-book. 19) The relationship D F ϾD Ca ϾD O ϾD Si can be realized from this figure, which would represent the structural properties of the melt. Since the most of F ions form a loosely bonded Ca-2F complex, its self-diffusion coefficient is the largest. The next one is that of Ca ions which are bonded with O ions as well as F ions. The selfdiffusion coefficient of Si ions is the smallest because they form the polymerized ions. The variation of D Si seems to have a minimum between 10 and 20 mol% CaF 2 , which suggests that the polymerization of silicate ions might have a maximum in this composition range. This is qualitatively similar to that calculated in Fig. 4 , however, a maximum appears between 20 and 30 mol% CaF 2 . The further study to calculate the diffusion of various types of silicate ions would be necessary to understand this discrepancy.
Conclusions
The molecular dynamics simulation for the molten CaO-SiO 2 -CaF 2 system was conducted using the optimized parameter set which could reproduce the experimentally measured densities, and the following conclusions can be obtained.
(1) The substitution of CaO for CaF 2 enhances the polymerization of the melt up to 25 mol% of CaF 2 and suppresses it at the higher concentration.
(2) The polymerization of silicate would be dominated by the basicity of the slag and hardly affected by F ions when the CaF 2 concentration is less than 20 mol%.
(3) The self-diffusion coefficients of ions in the melt were estimated and they showed the relationship D F ϾD Ca Ͼ D O ϾD Si , which would represent the structural properties of the melt.
